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Older adults are highly vulnerable to adverse climate-related impacts, with temperature-related mortality 
that are likely to vary according to geographic characteristics, vegetation abundance and socioeconomic 
conditions. We examined how mortality among older adults in China was associated with different 
temperatures over 14 years (2000-2014), and how geolocation, vegetation abundance in the residential 
environment and socioeconomic conditions modulate this association. We used case-crossover study 
design with distributed nonlinear modeling method to estimate heat- and cold-related mortality, and 
stratified the analysis by the level of vegetation abundance, calculated from light reflectance of remotely 
sensed imagery, and socioeconomic characteristics including education and residence type. Analyses 
were performed for the overall population nationwide and also further focused on three provinces, which 
were Jiangsu, Guangdong, and Liaoning province, to examine the differences on the provincial level. 
Results showed the relative risk at 1st percentile of temperature was 1.6119 (95% confidence interval, 
1.0680, 2.4329), and the relative risk at 25th percentile of temperature was 1.0583 (95% confidence 
interval 0.9187, 1.2192) versus heat index of 15. Extreme temperatures, in particular the extreme cold 
temperatures, had a significant negative impact on health. Findings also indicate that mortality-
temperature association in China could be modified by factors related to geolocation, greenness in 
residential environment, and socioeconomic conditions. Risks were higher for individuals living in places 
with less residential greenery, in rural area, in southern part of China, and with lower level of education. 
The findings on the modulating effects of residential vegetation and socioeconomic conditions could be 
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Climate Change in China  
Since pre-industrial time, human-induced warming has raised global-mean temperature approximately 
1.5 °C (Allen et al., 2018). Climate change is taking place fast and has increased downstream impacts on 
temperature and extreme events in a noticeable way (IPCC, 2014). China has undergone significant 
changes in its local climate in recent years, as have other parts of the world. These observable changes in 
climate have directly influenced the ambient environment where people live and have substantially raised 
awareness among the Chinese public. In a 2017 national survey about public awareness of climate change 
in China, 94.4% of the respondents think that climate change is happening, and 75.2% of the total 
respondents say that they have personally experienced impacts of climate change (China Center for 
Climate Change Communication, 2017). These responses from Chinese citizens suggest that the general 
public’s view on how climate change is affecting their daily lives in a noticeable way. The responses have 
revealed some of the most commonly perceived concerns about climate change in China, which are air 
pollution, disease epidemics, droughts and floods. Their positive attitudes towards mitigation plans have 
also shown that attempts that aim to slow the process of global climate change are weighed as more or 
equally important as ways to reduce the vulnerability to climate impacts (China Center for Climate 
Change Communication, 2017). 
  
The wide concerns from the general public are grounded in facts about climate-related impacts in China. 
In 2018, according to the China Climate Bulletin, the national average temperature in China for the whole 
year was 0.54°C higher than that of the years between 1981 and 2010 (9.55°C). The elevation in average 
temperature was most significant in spring (1.60°C) and summer (1.00°C) seasons. The annual heat days 
(daily maximum temperature ≥ 35 °C) averaged for the entire country was 10.2 days in 2018, exceeding 
the number of heat days in 1981-2010 by 3.3 days. In addition to the overall warming trend, the number 
of extreme weather events, including typhoons, heatwaves, regional droughts, occasional haze and snow 
disasters, has significantly increased and led to severe land damage and heavy losses in human lives and 
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economic growth. For example, the increased occurrence of low-temperature days (daily maximum 
temperature ≤ 0 °C) and snow storms affected 61% of the country, impacting an estimated number of 
2,196,000 people, and 199,000 acres of crops in 2018 (China Meteorological Administration, 2019). 
 
Overall Health Impacts 
Climate change has presented a great public health issue for countries around the world. Previous studies 
have found that the changes in overall summer and winter temperatures as well as the frequency, intensity 
and spatial extent of extreme weather events are associated with increased mortality from cardiovascular 
diseases, cerebrovascular diseases, respiratory diseases and infectious diseases. (Basu and Samet, 2002) 
These environmental stresses also result in increase in morbidity and delayed deaths by causing diseases 
including heat stroke, acute renal failure, asthma and nephritic syndrome (Giuseppe et al., 2006; 
Bedsworth, 2009). Epidemiological evidence has shown that most of the mortality losses occurred after 
the heat waves and cold spells among older adults aged above 60 years (Trent, 2007; Zhang et al., 2018; 
Chen et al., 2015; Xie et al., 2013). Older adults are particularly vulnerable to weather-related mortality 
due to reasons such as complications of existing chronic illnesses, worsening functioning of immune 
system, reduced mobility due to aging and the difficulties with executing life tasks independently (Basu 
and Samet, 2002).  
 
Temperature-Mortality Relationship 
The effects of temperature varied by country and climatic regions due to modification by geographic, 
socioeconomic and demographic factors (Guo et al., 2017; McMichael et al., 2008). A large variation of 
climate exists in China due to its vast land coverage and diversity in landforms. According to Köppen 
climate classification, which is a widely accepted classification system that represent different 
relationships between climate and vegetation with various temperature and seasonal precipitation 
combinations, the main climate types in China are humid subtropical climate, humid continental climate, 
semi-arid desert climate, warm summer continental or hemiboreal climates, tundra climate, subarctic or 
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boreal climates, and tropical savanna climate (Köppen, 1900; Peel et al., 2007). The east asian monsoon 
has further increased differences in weather patterns both in time and space by influencing the 
precipitation and air circulation over a large portion of China (Lau & Li, 1984). Because China covers 
multiple climatic regions and is home to a highly diverse population, the temperature-mortality patterns in 
China can vary greatly between different parts of the country, and thus would require different mitigation 
plans to be developed for reducing health risks, especially for the vulnerable populations during weather 
hazards. A recent study in China has examined 272 main cities and has found that the mortality risk and 
burden were more prominent in the temperate monsoon and subtropical monsoon climatic zone (Chen et 
al., 2018). This study has also found that the moderate cold temperatures account for a largest attributable 
fraction to total mortality than extreme cold and heat in China as a whole, different from the previous 
studies conducted in the other part of the world where the positive associations between extreme heat and 
cold and mortality were most evident (Chen et al., 2018). 
  
Research about the temperature-mortality associations in China is emerging. However, to date, most of 
the epidemiological evidence regarding temperature-related mortality comes from Europe, North 
America, and Japan, and our understanding of the importance of climate change influences on Chinese 
population is underdeveloped. More extended research on China is needed to improve understanding of 
the public health impacts of climate change, and to improve assessment of mitigation strategies to the 
changing climate in different parts of China, considering that the rapid development in China may add to 
future vulnerability to environmental stressors (McMichael et al., 2008). Furthermore, most previous 
studies were based on the city-level or community-level and did not focus on the impact on vulnerable 
populations (Chen et al., 2018; Katrin Burkart, 2016). Further investigation into the association between 





Functions of Vegetation 
In a previous study, non-optimum temperature was estimated to account for an overall attributable 
fraction of 14.33% of total mortality in China (Chen et al., 2018). The big portion of non-optimum 
temperature attributing to death has implicated the need to examine potential solutions to mitigate climate 
change-induced health impact and best protect public health for the present day. Vegetation is a potential 
mitigation strategy for providing micro-climate regulation, air filtration, noise reduction, and aesthetic 
and overall wellbeing (Salmond et al., 2016). In shaping the local thermal environment, vegetation has 
been recognized as playing an important role in changing the micro- and meso- climate through shading, 
evapotranspiration and absorbing solar radiation through photosynthesis, thereby lowering near-surface 
air temperatures and reducing energy consumption (Mathey et al., 2011). Particularly in urban areas, 
where the heat island effect is likely to aggravate heat stress on people, vegetation such as greened walls 
or roof-top greenery can lessen the heat storage and effectively reduce air temperatures through 
evapotranspiration by 0.5 to 4.0°C (Qiu et al., 2013).  
 
However, the impact of local vegetation on mitigating the health risks posed by environmental stressors 
varies by location, depending on the local vegetation types, climate, hydrology, and the interaction 
between people and the environment. Also, findings on the mitigating effect of green space through 
decreasing regional temperature and reducing carbon dioxide are mixed. Some studies showed an inverse 
relationship between vegetation abundance measured with the Normalized Difference Vegetation Index 
(NDVI) and land surface temperature, and thus decreasing urban heat island effects (Zhang et al., 2017). 
On the contrary, one recent study found that future heat wave frequency and intensity will be enhanced in 
most vegetated regions as a consequence of the direct response of vegetation to elevated CO2 
concentration in the atmosphere (Skinner et al., 2018). The seemingly contradictory findings regarding 
the association between vegetation and regional climate indicate the need for additional research 




A recent study in Lisbon, Portugal found evidence that urban green space appeared to have a mitigating 
effect on heat-related mortality in the elderly population; however, the results from this study may not 
applicable to other parts of the world (Burkart et al., 2016). Our study will examine this topic with 
individual-level data and with a larger and more variant cohort study, in an understudied part of the 
world. The findings from this study may aid understanding of how vegetation could modulate the 
temperature-mortality relationship in different regions of China, and enlighten the development of 
adaptation strategies that target vulnerable populations in susceptible areas to combat climate change-
related health impacts in the future.  
 
NDVI 
In addition to the traditional eco-physical and biochemical techniques, remotely-sensed data could be 
used to calculate reflectance index from the green biomass. Because the reflectivity of a green leaf is 
uniquely high in the near-infrared band and modest in the visible light band, the ratio of reflectivity in the 
near-infrared and visible band is taken as an indication of green plant biomass in the field of remote 
sensing. The Normalized Difference Vegetation Index (NDVI), calculated by dividing the difference 
between near-infrared light and visible light reflected by vegetation by the sum of their reflectivities in the 
two bands, is widely adopted as a nondestructive indicators of the plant physiological status. It has a 
simple range from minus one (-1) to plus one (+1), and higher NDVI values indicate healthier plant 
growth in the area. A NDVI value of 0.5-0.8 indicates green plants, a nearly zero value represents soil, 
and a negative value indicates snow, clouds or lakes.  
 
In general, this study aims to examine the association of ambient temperature with all-cause mortality 
among older adults in China considering different lag structures (e.g., cumulative exposure), and 
investigate if the associations differ by level of exposure to greenness. The hypothesis is that extreme 
high and low temperatures will be positively associated with all-cause mortality among older adults 
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differently, and that high greenness exposure will mitigate the effects of both heat and cold exposures 





Climate data including daily mean, minimum, maximum temperatures and mean dew point temperatures 
from 2000 to 2014 in China were obtained from the Global Surface Summary of Day (GSOD) product, 
derived from the Integrated Surface Dataset, by the National Climate Data Center 
(https://www.ncdc.noaa.gov/isd). The ‘GSODR’ R package was used for automatic downloading, 
cleaning and formatting of GSOD weather data, and for calculating relative humidity from values of dew 
point temperature. Data from a of 482 weather monitoring stations in China were checked for the number 
of missing days to assure data quality and sufficient coverage, and 110 stations were omitted from 
analysis for data coverage of less than 98% of the total days from 2000 to 2014, leaving 372 stations in 
the study for subsequent analysis. Heat index was calculated for each daily observation using the 
‘weathermetrics’ R package, which uses the National Weather Service (NWS)’s heat index algorithm 
based on air temperature and relative humidity (Anderson et al., 2013). Heat index is an accurate measure 
of how people really feel when the relative humidity is added to the actual air temperature (NOAA, 
2009). Each individual in the study was matched with climate data collected from the monitoring stations 
nearest to residence using the “Nearest Neighbor” spatial joining method in ArcGIS. The mean distance 
of subject from monitoring station was 58.61km, and the maximum distance was 256.69km. 
 
The effect size of total population nationwide was 21775. Three provinces, which are the Jiangsu 
(n=2382), Guangdong (n=1044) and Liaoning (n=695) province, which are representative of three distinct 
climate types and have relatively large numbers of cases compared to the other provinces, were selected 




Individual-level mortality data and geolocation information for cases for 2000 to 2014 were drawn from 
the 2000, 2005, 2008 and 2011 waves of the Chinese Longitudinal Healthy Longevity Surveys (CLHLS), 
originally obtained through the Peking University Open Research Data Platform 
(http://opendata.pku.edu.cn/). Study participants were aged 65 and over years and were from 22 of the 31 
provinces, geographically representing about 85% of the total population in China. Individual data on 
health conditions, death information, lifestyle factors and socioeconomic characteristics of the study 
participants participating in the survey were obtained through follow-up interviews with the individual 
and with assistance from a close family member (Zeng et al., 2008). Individuals with no follow-up data, 
death date, or valid residential address were excluded from subsequent analysis.  
  
Greenness Exposure Data 
The density of greenness reflected by vegetation around each participant’s residence was quantified using 
a common satellite vegetative index, the Normalized Difference Vegetation Index (NDVI). Cloud-free, 
atmospherically corrected, nadir-adjusted gridded NDVI values from 2000 to 2014 at a spatial resolution 
of 250m were collected from the satellite images provided in the Moderate Resolution Imaging 
Spectroradiometer (MODIS) product MOD13Q1. Annual temporal average for each NDVI pixel was 
calculated from 2000 to 2014, excluding negative NDVI values that represent water, clouds or lakes. We 
then calculate the spatial mean of NDVI values within the 250m-buffer of each participant’s geocoded 
home location. For individuals that had moved to different addresses during the follow-up period, 
temporal average of NDVI were weighted based on the duration of time duration at different places. We 
used NDVI quartiles as cut-off values to categorize areas of greenness and stratified study participants to 




Statistical Analysis and Modeling 
This study adopted a time-stratified case-crossover design with distributed lag non-linear model to 
examine the role of greenness exposure in modulating the association between temperature and all-cause 
mortality (Bell et al., 2008). A self-matched case-crossover design uses one or more control time 
windows and compares those with the exposure at the time period shortly prior to the onset of event of 
interest (Maclure, 1991). This study design eliminates confounding bias resulted from individual 
differences such as age, sex and health status. Control time windows were selected for the same day of the 
week from the same calendar month of death onset. In our analysis, we collected temperature exposure 
information for the day on which death occurred and for control time windows for each individual. We 
then fitted the time-stratified case-crossover design with a cox proportional hazards regression model. To 
fully adjust for the potential time-variant confounders, we used natural cubic splines with 3 degrees of 
freedom in our model. Distributed lag nonlinear models (DLNMs) were used to build the time structure of 
associations between temperature and mortality about study participants considering different lags of 
temperature effect.  
 
To assess the potential mitigation effect of greenness on the temperature-mortality relationship, we 
modeled the mortality-temperature relationship for each of the four exposure groups for individuals from 
all of the study areas and within each province. We further stratified the modulating effect of vegetation 
based on socioeconomic characteristics, which were residence type and educational level. The population 
was classified into three residence categories: rural, town and city, and three educational levels: no 
education, 1-6 years of schooling, and ≥ 7 years of schooling. The temperature-mortality relationships in 






Relationship between Environmental, Spatial and Socioeconomic Characteristics 
The annually averaged vegetation coverage varied among regions with different climate types. The mean 
annual NDVI for all 21,775 residential locations in China, spanning over 19 provinces and 4 
municipalities, was 0.4115, with a minimum of 0.0009 and a maximum of 0.7665. Each of the three 
provinces that were examined closely in this study, Jiangsu, Guangdong and Liaoning province, 
represents a distinct climate type and has different overall vegetation coverage (Figure 1). Jiangsu 
province (Figure 1A) is situated in a monsoon-influenced humid subtropical climate. For a total of 2382 
sample points in Jiangsu, the mean NDVI value within 250m-buffer of sampled points was 0.4693, with a 
minimum value of 0.0220, and a maximum value of 0.6649. Guangdong province (Figure 1B) has 
tropical and humid subtropical climate, with a mean NDVI value of 0.4060, a minimum value of 0.0411, 
and a maximum value of 0.7354. Liaoning Province (Figure 1C) has a monsoon-influenced continental 
climate. Its mean NDVI is 0.3014, with a minimum value of 0.0823 and a maximum value of 0.5543.  
Cases were classified into four quartiles based on the NDVI distribution within the defined region. The 
cut-off values were different for each one of the three provinces, for example, the cut-off value for 
quartile one group, which represents the lowest exposure to greenery, is 0.42 for Jiangsu, 0.29 for 
Guangdong, and 0.20 for Liaoning province (Table 1). The percentage of rural population was 56.34%, 
66.48%, and 44.11% for Jiangsu, Guangdong and Liaoning province, respectively. Additionally, 
populations in each of the greenness exposure groups in different study areas were characterized by 
different socioeconomic distributions. However, they shared similarities in the correlation between 
greenness exposure and socioeconomic status. For the national average, people in the higher greenness 
exposure group were more likely to live in rural areas and work in agriculture. The general relationship 
was the same for Jiangsu, Guangdong and Liaoning, except for cases with the highest level of greenness 
exposure. In Jiangsu, 3.8% less of the people in the 4th NDVI quartile lived in rural areas compared to 
those in the 3rd quartile. In Liaoning, 12.87% less of the people in the 4th quartile lived in rural areas 
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compared to people in the 3rd quartile in Liaoning. In addition, 1.04% less of people in Guangdong, and 
0.59% less of people in Liaoning in the highest greenness exposure group were agricultural workers 
compared to the second highest exposure group. Regarding lifestyle factors, all regions were consistent in 
the trend that more people exercise in places with higher vegetation coverage (Table 1). 
Temperature-Mortality Relationship 
On the national average, deaths occurred more on days with higher temperatures for people in areas with 
higher vegetation coverage when compared to the other groups. The same trend was found in Jiangsu and 
Guangdong provinces, while the opposite correlation was found in Liaoning province, though the 
standard deviations for temperatures were large and may not represent the actual correlation.     
The three-dimensional models depicting the relationship between death and different weather metrics, 
which are daily average temperature, daily maximum temperature, daily minimum temperature and heat 
index, showed similarities in characterizing the comprehensive patterns of nationwide temperature-
mortality relationship from 2000 to 2014 along 25 lag days (Figure 2). The overall relationship on the 
national average has a clear peak of relative risk in the first two lags at high temperatures, and an increase 
in estimated risk after the first five lags and remained stable at low temperatures. Based on the results and 
previous findings, a short lag structure is appropriate for heat effect, and a longer lag structure is 
appropriate for capturing the longer-term cold effect (Anderson & Bell, 2009). In the analysis that 
followed, the heat-mortality relationship was estimated based on two lags (the same day and previous two 
days), and the cold-mortality relationship was estimated based on twenty-five lags ((the same day and 
previous twenty-five days).  
The risk estimates of daily average, minimum and maximum temperature and heat index showed a similar 
trend of having a relative risk of bigger than one at relatively low temperatures, and gradually falling 
below one until reaching relatively high temperatures. The relative risk started to rise at high 
temperatures, without exceeding one for average, minimum and maximum temperature, but exceeded one 
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for heat index at heat index of 39 (Figure 3), which indicates that the adjustment of relative humidity 
resulted in a change in detecting heat, though the change was not significant. To avoid redundancy in 
subsequent analysis by reporting results from all four metrics, heat index was used to represent weather 
exposure, considering that this measure controls for relative humidity, and is informative to the public 
during policy decision making.  
The temperature-mortality relationship varied for each of the three provinces, where the relative risk at 
high temperatures on the same day was the highest in Guangdong compared to the other two provinces, 
and the mortality risk at lower temperatures was the highest at lag six in Liaoning but then decreased 
below the relative risks in the other two provinces when considering a longer-term time frame (Figure 4). 
Looking at the heat effect considering lag two and cold effect considering lag twenty-five for the three 
provinces as shown in Figure 5, cold effect for the same day and previous twenty-five days was strong for 
all of the provinces and exceeded that on the national average, though the 95% confidence interval was 
wide and include the null value, and was the strongest in Guangdong province. The heat effect for the 
same day and previous two days was the strongest in Liaoning, and the weakest in Jiangsu.  
Table 2 shows the risk estimates and 95% confidence interval at the 1st, 25th, 50th, 75th, and 99th 
percentile versus the reference temperature, heat index of 15, on the national level and in Jiangsu, 
Guangdong, and Liaoning Province. The risk estimates corresponded to the plots of the temperature-
mortality relationship in Figure 5. Overall on the national level, the relative risk at extreme cold 
temperatures (from -12 to 6) was above one and were higher than the estimated risk at other temperatures. 
The risk estimate at extreme hot temperature (38) was above the null value, but not statistically 
significantly. In Jiangsu, the relative risk was above one at cold temperatures (from -3 to 14), but not 
significantly. In Guangdong, the relative risks were high on both extreme cold and hot days, in particular 
at cold temperature of 5, where the result was significant. In Liaoning, the relative risks of mortality 
associated with overall temperature exposure were high in both extreme cold and hot temperatures, but 
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the results were not significant. These results suggest each area had its own characteristics of the 
temperature-mortality relationship.  
Modification Effects by Vegetation Coverage 
For the overall effect averaged across all sampled points nationwide, temperature-mortality relationship at 
four different greenness exposure levels, quantified by NDVI, has shown a constantly high relative risk 
on extreme cold days. The relative risk at extreme cold temperature (-17) was the lowest in NDVI quartile 
1 group (RR = 1.1972), and was the highest in NDVI quartile 2 group (RR = 2.4176), however, the 
estimates could vary and were not significant. Looking at the risk estimates at the 25th percentile, which 
was 5, the risk estimates were similar across all four exposure groups and were significantly larger than 
the null value of one. The smallest estimated risk at heat index of 5 was 1.3238 in the fourth quartile 
group, and the largest estimated risk was 1.3589 in the second quartile group. The relative risk at extreme 
high temperatures (36) was the smallest among the group that are exposed to the highest level of 
greenness (NDVI quartile 4), as shown in figure 6.  The risk estimate was 1.0219 for the fourth quartile 
group, and was 1.3184, which was the highest number, for the first quartile group, however, the results 
were not significantly different from the null.    
 
The influence of vegetation on temperature-mortality relationship differed in each of the Jiangsu, 
Guangdong, and Liaoning provinces. The decrease in both cold and heat estimated effects was observed 
in the fourth quartile NDVI group in Jiangsu and Guangdong provinces, while the opposite was observed 
in Liaoning province, though the 95% confidence interval was wide and the results were not statistically 
different from the null (Figure 7).  
 
Stratified Vegetation Influences by Socioeconomic Characteristics 
Comparing risk estimates across different residence types (rural, town and city) within the same 
greenness exposure groups, we found that the susceptibility to various weather conditions was different 
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for each community, as shown in Figure 8. Among the group with the lowest exposure to greeness, heat 
effect was the strongest in the rural population, and the cold effect was the strongest in town at extreme 
cold temperatures, and the strongest in city population at moderately cold temperatures. In the third 
greenness exposure group, both cold and heat effects were the strongest in the rural population, and the 
weakest in the city population. Lastly, in the highest greenness exposure group, the relative risks at 
extreme cold temperatures and moderately high temperatures were the strongest in the city (Figure 8). We 
also compared the mortality risks within the same residence type across different greenness exposure 
levels. We found that the risks for both heat and cold were the lowest for the rural population where 
exposure to greenness was the highest. The risks were the lowest among the third NDVI quartile group 
for both the town and city populations. For the city population, the mortality risk was the highest in the 
highest greenness exposure group, though the confidence interval was wide. Overall, the group that had 
the lowest impact from extreme temperatures was the city population within the NDVI quartile 3 group 
(Figure 8). 
 
The vegetation modulating effect was also stratified based on years of schooling, as shown in Figure 9. 
The participants were divided into three groups: no education, 1-6 years of schooling, and ≥ 7 years of 
schooling. In the first NDVI quartile group, the risk estimates for both cold and heat effects were the 
lowest in the population with no education. For subsequent comparisons across different education levels 
within the same greenness exposure group, the overall risks, in particular the risks at extreme cold 
temperatures, were relatively lower in groups that have ≥ 1 year of schooling. When comparing the 
temperature-mortality relationship for people with the same education level across different greenness 
exposure groups, the differences in risk at extreme cold temperatures was larger than that on hot days. For 
the population with no education background, the relative risk on extreme cold days was the lowest at the 
lowest greenness exposure level, whereas the risk on hot days was the lowest at the highest greenness 
exposure level, though the difference in heat effect was less obvious. For the group with 1-6 years of 
schooling, the relative risk at cold temperatures was lower in the third and fourth NDVI quartile group, 
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and the risk on hot days was the lower in the second and fourth NDVI quartile group. Lastly, for the 
group with ≥ 7 years of schooling, both the cold and heat effects were the smallest in the third NDVI 





A large heterogeneity in vegetation coverage near residences exists in China across different places, as a 
consequence of differences in factors like climate, vegetation type, city greening policies, intensity of 
agricultural activities, and percentage of population living in urban areas. In the current study, the 
vegetation coverage within a radius of 250m from the home address was the highest among cases in 
Jiangsu province, followed by Guangdong and Liaoning provinces. The high vegetation coverage in 
Jiangsu may result from its moderate climate, intense agricultural activities in its rural area, and devoted 
efforts in enforced policies on increasing greenery around villages, roads and rivers in the recent decade. 
Though Guangdong province has an overall high vegetation coverage and has been pushing forward with 
city greenery activities in the most developed area, the Pearl River Delta, up to today, the vegetation 
coverage around sampled locations was slightly lower than that in Jiangsu by a difference of 0.0633. It 
may be because of intense urban development during the study period, which is from 2000 to 2014, in 
that area. The annual NDVI average was low in Liaoning because it has a relatively shorter period of 
spring and summer due to its latitude.  
The positive correlation between greenness exposure and percentage of persons living in a rural area 
results from the vast coverage of natural lands and agricultural croplands in rural places. However, except 
from residents in the rural areas, cases with a high level of greenness exposure could also be living close 
to urban green spaces, or conduct works other than agricultural works in remote and highly vegetated 
places, like factory workers or resort workers. Though NDVI does not capture the interaction between 
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individuals and green space, the trend that more people exercise where the NDVI value was high has been 
consistently found on the national level and in the three provinces that were examined.  
 
Temperature-Mortality Relationship 
A distributed lag non-linear model has been applied to study the temperature-mortality relationship. 
Similar to the findings from previous studies, we found the lagged effect of heat stress was short while 
that of cold spell was relatively longer (Anderson & Bell, 2009; Chen et al., 2018; Guo et al., 2012). 
Overall, extreme and moderate cold exerted a stronger negative impact on human health than heat among 
the older adults in China. Consistent with previous findings on the spatial heterogeneity in effects of 
extreme cold and heat in China, the places that we closely examined had a different temperature-mortality 
relationship from each other and from the national average. Comparing the relationship across three 
provinces: Jiangsu, Guangdong, and Liaoning province, the cold effect was the strongest in Guangdong, 
where the effect became evident between lag 6 and 25. The heat effect affected Liaoning most strongly, 
though the differences in heat effect between the three provinces were not as large as that in cold effect. 
The result that the southest province, Guangdong, being most susceptible to the long-term cold effect 
aligns well with the previous finding on how the relative risk for heart disease mortality during extreme 
cold was the largest for the provincial capital of Guangdong compared to other four Chinese cities that are 
north to Guangdong (Guo et al., 2012). The result is also consistent with Guo et al and Chen et al’s 
finding in that people in the north, or temperate monsoon zone, are more susceptible to the effect of hot 
temperatures.   
 
Modification Effects of Vegetation and Socioeconomic Factors 
The present result indicates that higher level of surrounding greenness may be correlated with a smaller 
mortality risk at moderately low and extremely high temperatures. On the provincial level, the effect of 
vegetation exposure varies from place to place, where the mitigating effect on extreme cold and heat 
temperatures was found in Jiangsu and Guangdong, but was not significant in Liaoning province. A 
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limited number of researches have looked at the role of vegetation in improving health in China, in 
particular through modulating the effect of ambient temperature across different regions. Ji et al. found 
that the contemporaneous exposure to greenness was negatively associated with rates of non-accidental 
mortality for the oldest-old in China, though the similar protective effect was not observed for cumulative 
greenness exposure (Ji et al., 2019). Our finding is similar with Ji et al.’s in the potential health benefits 
of residential greenness exposure, and is able to further show its specific influence on modulating 
temperature effects not limited to the overall relationship on the national level, but also across different 
regions. In the other parts of the world, vegetation has also been shown to lower health risks as 
demonstrated by Son et al. through lowering heat-related mortality in an Asian city, Seoul, Korea, and 
Chen et al. in city of Melbourne, Australia (Son et al., 2016; Chen et al., 2014).  
 
When the effect of greenness exposure is further stratified by residence type, which are rural, town and 
city in this study, we found that relatively higher exposure to greenness is beneficial to all three groups 
for intra-group comparisons. Among the rural and town population, the relative risk of mortality at 
extreme temperatures was higher than that among the city population in the first and third NDVI quartile. 
Overall, the smallest risk estimate was found in city population when the greenness exposure was ranked 
second highest. The difference found in rural, town and city population may be explained by the influence 
of other social and environmental factors, like health care coverage, amount of indoor environment, and 
public facilities. However, the classification of greenness exposure groups on the national average may 
not necessarily reveal the differences in similar immediate environment within the same region, but the 
general regional differences in vegetation coverage. Thus, the analysis on the national level may be 
subject to biases from adaption and other environmental exposures that are special to each region, like air 
quality and vegetation type. Except from the results for the fourth quartile group, the intra-group 
comparison among each of the rural, town and city population has revealed the beneficial health effects of 
vegetation for elderly people. The study by Burkart et al. has also shown that urban green has a mitigating 
effect on heat-related mortality in the elderly population in Lisbon, Portugal (Burkart et al., 2015).  
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We also stratified the influence of residential greenness exposure by education levels. We found that the 
population with no education background had the lowest mortality risk comparing to other populations 
when they were all at the lowest greenness exposure level. However, at the other higher greenness 
exposure levels, the relative risk was lower for people who had at least one year of education. While the 
group with no education has lower risk of mortality at extreme cold temperatures when residential 
greenness exposure is low, the other groups have lower risk when the greenness exposure is high. The 
education background is often correlated with the occupation type and socioeconomic status. In this 
study, people with no education background often work in roles like agriculture workers and 
houseworkers, people with 1-6 years of schooling often work in roles like industrial or service workers, 
whereas people with at least seven years of schooling are found to work in roles like technical personnel, 
governmental or managerial personnel. In environment that has less greenery, people who have less 
education and mainly work in agriculture have better health outcomes, may be because that they get more 
exercise and interact more with nature compared to the other two groups. However, when they are all in 
environment with more greenery, the advantage of exercising in the non-education group disappear 
because the other two groups have the potential to interact often with nature too and may be exposed to 
higher quality of greenness. In the study conducted by Uejio et al. on the intra-urban societal vulnerability 
to extreme heat, they found lower-income households were more highly correlated with heat mortality 
due to reasons like lacking centralized air conditioning and old housing facilities (Uejio et al., 2010). In 
another study in Barcelona metropolitan area, Spain, the effect of extreme heat was also higher in 
communities with higher percentage of old buildings, manual workers and less surrounding greenness 
(Xu et al., 2013). The result from the present study has demonstrated similarity in the susceptibility of 





Strengths and Limitations 
This study has strengths in highlighting the different modification effect of vegetation across different 
levels for the elderly population in China. Firstly, by using a prospective cohort, this study has a large 
sample size and has made it possible to detect the unique characteristics in each temperature-mortality 
relationship in different regions of China. The study is also able to control for individual-level differences 
and stratify the vegetation effect by their socioeconomic characteristics. Secondly, this study looked at the 
effects of different temperatures on both rural and city populations, while many of previous studies have 
only focused on the urban population and either mortalities from heat waves or cold spells.  
 
This study is also limited by several factors. Firstly, it does not fully capture the interactions between 
greenery and people. Though the percentage of exercising positively correlates with the level of 
residential greenness exposure, this study was not able to identify the individual differences in how long 
they spent in the green space. NDVI also cannot reflect the vegetation type, quality and overall 
distribution of the surrounding greenness, which are important factors in determining the exposure. For 
example, people interact differently with agricultural land and park, however, the exposure may be 
estimated to be the same because NDVI only reflect the greenness of the vegetation. Secondly, this study 
did not adjust for factors like air pollutants, and proximity to recreational blue areas, which may be 
further investigated in future studies. Thirdly, due to locality of the interrelationship between climate, 
mortality, greenness and population characteristics, the findings from this study may not apply to the 







To conclude, this study found that both extreme and moderate cold events exerted greater negative impact 
on older adults in China, especially in southern areas. Higher level of greenness within the immediate 
living environment is overall protective to health on the national average, and is unique to each region 
dominated by a different type of climate. Within each socioeconomic group, higher level of greenness is 
correlated with lower mortality risk. The influence of greenness exposure further differentiates between 
groups with different residential types and education backgrounds, where living in cities, and having at 
least seven years of schooling are better correlated with lower health risk. In the future, environmental 
policies should consider the specific influences of vegetation within different regions, and should place 
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Figure 3. Temperature-related mortality risk estimates for the national average represented by four 































































Figure 6. Risk estimates for the overall temperature-mortality relationship stratified by NDVI quartiles on 













Figure 7. Cumulative effect of 20-day lags of temperature on mortality stratified by NDVI quartiles for 














Figure 8. Risk estimates for the overall temperature-mortality relationship stratified by NDVI quartiles 
and residence types (rural, town, and city). 
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Figure 9. Risk estimates for the overall temperature-mortality relationship stratified by NDVI quartiles 
and education level (1 = no education, 2 = 1-6 years of schooling, 3 = larger than or equal to 7 years of 
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